Abstract: Additive diversity partitioning (α, β, and γ) is commonly used to study the distribution of species-level diversity across spatial scales. Here, we first investigate whether published studies of additive diversity partitioning show signs of difficulty attaining species-level resolution due to inherent limitations with morphological identifications. Second, we present a DNA barcoding approach in order to delineate specimens of stream caddisfly larvae (order Trichoptera) and considered the importance of taxonomic resolution on classical (additive) measures of beta (β) diversity. Caddisfly larvae were sampled using a hierarchical spatial design in two regions (sub-Arctic Churchill, Manitoba, Canada; temperate Pennsylvania, USA) and then additively partitioned according to Barcode Index Numbers (molecular clusters that serve as a proxy for species), genus, and family levels; diversity components were expressed as proportional species turnover. We screened 114 articles of additive diversity partitioning and found that a third reported difficulties with achieving species-level identifications, with a clear taxonomic tendency towards challenges identifying invertebrate taxa. Regarding our own study, caddisfly BINs appeared to show greater sub-regional turnover (e.g. proportional additive β) compared to genus or family levels. Diversity component studies failing to achieve species resolution due to morphological identifications may therefore be underestimating diversity turnover at larger spatial scales.
Abstract: Additive diversity partitioning (α, β, and γ) is commonly used to study the distribution of species-level diversity across spatial scales. Here, we first investigate whether published studies of additive diversity partitioning show signs of difficulty attaining species-level resolution due to inherent limitations with morphological identifications. Second, we present a DNA barcoding approach in order to delineate specimens of stream caddisfly larvae (order Trichoptera) and considered the importance of taxonomic resolution on classical (additive) measures of beta (β) diversity. Caddisfly larvae were sampled using a hierarchical spatial design in two regions (sub-Arctic Churchill, Manitoba, Canada; temperate Pennsylvania, USA) and then additively partitioned according to Barcode Index Numbers (molecular clusters that serve as a proxy for species), genus, and family levels; diversity components were expressed as proportional species turnover. We screened 114 articles of additive diversity partitioning and found that a third reported difficulties with achieving species-level identifications, with Introduction Classical measures of beta (β) and alpha (α) diversity have witnessed a resurgence in ecology and conservation biology, due in part to the availability of null models for analyses (Veech et al. 2002; Crist et al. 2003) and their simple and intuitive nature. When diversity is partitioned additively, β equals the difference between gamma (γ) and α diversity, and β is defined as the amount of diversity (typically number of species) by which the regional data set (γ) exceeds the average amount of diversity in a single D r a f t sampling unit (α) (Tuomisto 2010) . Additive β can be further refined into proportional species turnover by dividing β components by γ, in which case β represents the proportion of diversity absent from an average sub-unit (α). Though concerns persist about classical measures of diversity components (i.e. functional relationship between α and β and loss of community composition information ; Jost 2007; Wilsey 2010; Veech and Crist 2010) , these measures possess some advantages over multivariate approaches in that units, typically species, are intuitive and comparable across studies and can be studied over multiple scales simultaneously. For instance, additive measures of α and β diversity can explore the distribution of biodiversity according to space (Beck et al. 2012; Francisco-Ramos and AriasGonzález 2013) , to time (Martínez-Falcón et al. 2011; Pech-Canche et al. 2011) , to habitat changes or human impacts (Flohre et al. 2011; Caners et al. 2013) , and even across hosts for specialist herbivores (Morais et al. 2011 ). Diversity partitioning is also being used as a conservation tool, informing efforts on how to maximize the protection of diversity by determining crucial locations and spatial scales contributing to total diversity (Müller and Gossner 2010; Wu et al. 2010; Paknia and Pfeiffer 2011) . Due to the above reasons, we used an additive partitioning approach to measure β and investigate the importance of taxonomic resolution in accurately assessing proportional diversity turnover.
The ability to confidently delineate species units among specimens is crucial to the success of these studies. MOTU (molecular operational taxonomic unit) approaches to specimen identification or species delineation are becoming commonplace (Floyd et al. 2002; Blaxter et al. 2005; Jones et al. 2011; Puillandre et al. 2012; Fujisawa and Barraclough 2013; Ratnasingham and Hebert 2013) . DNA barcoding, in particular, is a method that typically utilizes a portion of the mitochondrial cytochrome c oxidase subunit I (COI) gene for specimen identification or rapid delineation of species-like units across a wide range of animal taxa (Hebert et al. 2003a, b; Hubert and Hanner 2015) . DNA barcoding will typically return classical taxonomic units or evolutionarily distinct species; most commonly, researchers use a DNA sequence divergence threshold, tuned to a given taxonomic group, to group together intra-specific D r a f t individuals and separate them from other species. A variety of MOTU delineation methods have been developed for use with single markers, including distance-based (Jones et al. 2011; Puillandre et al. 2012; coalescence-based (Fujisawa and Barraclough 2013; Zhang et al. 2013 ) approaches, which may have different strengths depending upon study aims and data set size.
While expert taxonomic identifications based on morphology are critical to building barcode reference libraries in order to link MOTUs with Linnaean names and the body of existing biological knowledge, it is clear that morphological identification in many taxa has its limitations. Sweeney et al. (2011) , for instance, demonstrated that identifying specimens using DNA barcoding increased stream insect species inventories by almost 6-fold that of amateur identifiers and twice that of expert taxonomists. Jackson et al. (2014) also reached a similar conclusion, showing that DNA barcoding increased species counts of stream insects by 108% compared to morphology (200 vs. 96) . The advantages of DNA barcoding stems from its ability to provide identifications for immature or damaged specimens, to provide species-like units for ecological analysis for groups where taxonomic understanding is lacking (Sweeney et al. 2011; Jackson et al. 2014) , to pair up the sexes within sexually dimorphic organisms (Blagoev et al. 2013) , and to reveal hidden diversity by delineating cryptic species complexes in invertebrate (Hebert et al. 2004; Witt et al. 2006; Smith et al. 2008 ; freshwater insects studies: Zhou et al. 2009 Zhou et al. , 2010 Zhou et al. , 2011 Pauls et al. 2010; Sweeney et al. 2011; Ruiter et al. 2013; Jackson et al. 2014 ) and vertebrate taxa (Fouquet et al. 2007; Ward et al. 2008; Vieites et al. 2009 ). The species level is often desirable given important biological processes such as dispersal, gene flow, reproduction, and natural selection occur at least at this level (if not the population level). Studies wherein the objective involves delineating specimens to the species level must therefore carefully consider the implications of morphological identifications and the manner in which missed diversity will impact findings.
In light of the rising popularity of classical measures of α and β diversity for ecological analyses and conservation efforts, we wondered if these studies are marred by taxonomic uncertainty. Given these D r a f t studies explicitly seek to analyse species diversity, are they achieving this level of taxonomic resolution, and if not, what are the potential impacts on results? Note these studies seek to analyse species-level units, prioritizing species delineation (assigning units) over identification (assigning a Linnaean name;
Collins and Cruickshank 2013); it is therefore the impact of accurate delineation (not identification) we wish to investigate here. We answered these questions with two approaches. (1) We conducted a literature review to determine if studies of diversity partitioning show evidence of difficulties in assigning species-level identifications. (2) We conducted our own study of additive diversity partitioning, presenting a DNA barcoding approach, in order to determine if diversity components using more accurate species resolution differs from components measured at coarser taxonomic levels. That is, does taxonomic resolution impact proportional taxon turnover? If results of additive diversity components are impacted by taxonomic resolution, then we should detect significant differences in the distribution of proportional α and β components (e.g. taxon turnover) between species and genus and/or family levels.
Here, we study stream caddisfly larvae (order Trichoptera) given the extensive treatment of their patterns of DNA barcode variability in relation to taxonomy (e.g. Zhou et al. 2009 Zhou et al. , 2010 Zhou et al. , 2011 Pauls et al. 2010; Ruiter et al. 2013) as well as because of their importance for biomonitoring for freshwater quality. Note that we do not seek to compare DNA barcoding and morphological methods of specieslevel identification for the caddisflies, as this has been investigated elsewhere (e.g. Sweeney et al. 2011; Jackson et al. 2014) . Here, we take the next step of exploring biases in ecological studies associated with coarse-grain identifications, by determining whether the results of proportional taxon turnover analysis differ according to the taxonomic resolution of the dataset.
Methods

D r a f t
Literature review
We conducted our literature review in February of 2014 using Web of Science, screening for articles that cited Crist et al. (2003) , which introduced the statistical framework for partitioning species diversity. Only articles utilizing classical diversity partitioning (additive or multiplicative) and which relied on morphological identifications were selected. Studies utilizing multiplicative diversity components were included due to conceptual similarity to the additive approach; indeed, multiplicative values are calculated from additive components, and as such, will exhibit associated biases. To our knowledge, only a few studies have employed a molecular approach to specimen identification in tandem with partitioning species diversity across spatial scales (Sei et al. 2009; Gill et al. 2014; Taylor et al. 2014 ).
Studies were categorized as either having no indication of problems with achieving species-level identifications or problematic identifications. The problematic identifications category included studies with mixed taxonomic level datasets (i.e. identifications to the lowest taxonomic level), those that used morpho-species (i.e. specimens not attributed to a recognized species), and cases stating difficulties with identifications or exclusion of specimens due to life stage or life history differences (i.e. arthropods). The focal group of studies (e.g. vertebrates, invertebrates, or plants) was also noted.
Sampling and identification of stream caddisflies
In order to assess species diversity of stream caddisflies across multiple spatial scales, a hierarchically nested sampling design was implemented around sub-Arctic Churchill (Manitoba; July 15-23, 2012) and temperate southern Pennsylvania ( Fig. 1A ; June 17-19, 2013) . Sub-regions were nested in each region (Zhou et al. 2010; Sweeney et al. 2011; Ruiter et al. 2013 ). The streams sampled represent 1st-2nd order streams.
Sampling effort was standardized by kicking 1 m2 of substrate for 2 minutes for each kick event (e.g. each sample) and allowing material to flow into a 1-m2 kick net (500 m) (OBBN, Jones et al. 2007 ).
Transects were sampled sequentially from downstream to upstream to avoid disturbing stream locations before collection occurred. Three kicks/transect were taken in Churchill, while 2 kicks/transect were taken at Pennsylvania to facilitate sample processing due to the high abundance of insects. Each kick was subsampled in the field by moving the caught material into a bucket and transferring a cup (~230 ml) of material into a mason jar. Additional cups of material were moved into the jar until more than 100 insects were estimated to be in the subsample; this was adapted to a 100-caddisfly rule for sampling in Pennsylvania. The number of cups sampled from the field and total number of cups in the sample bucket were recorded in order to extrapolate total abundance after sorting procedures. Samples were transported to a field lab and preserved using 95% ethanol, then stored in a freezer (-20 oC) .
Sample processing of the bulk samples consisted of removing all the invertebrates from the preserved material using a 4x dissecting microscope and sorting caddisflies into 20 ml vials according to family (CABIN, McDermott et al. 2010) .
Twenty individuals/family/m2 kick, where possible, were randomly selected for barcoding. Typically, this meant barcoding all the caddisfly specimens in the subsample except for highly abundant families (e.g. Ratnasingham and Hebert 2013), which are assigned to specimens using an algorithm utilizing refined single linkage clustering. The algorithm was developed to yield units that are similar to classical species, using well-studied animal taxa. Our choice of a distance-based approach to MOTU delineation reflects the need for computational efficiency for our large data set (see Ratnasingham and Hebert 2013 for a comparison of several methods) and is also supported by a large literature investigating patterns of barcode variability within and between species of Trichoptera (Pauls et al. 2010; Zhou et al. 2011; Ruiter et al. 2013 ) and other freshwater insects (Zhou et al. 2009 (Zhou et al. , 2010 Jackson et al. 2014; Martin 2014; Cardoni et al. 2015) . For specimens that failed to yield a DNA barcode sequence (<5% of cases), morphological identifications were used; these identifications were further validated through comparison with morphologically identical specimens that did produce DNA barcode data. Sampling effort was also evaluated using Chao1 and Chao2 estimators; the sampling effort was deemed sufficient for our current objective (see supporting information, gen-2016-0080.R1Supplement 2).
Data analysis
In order to calculate β, additive partition analyses were performed on barcode species richness using PARTITION (version 3.0; Crist et al. 2003) . Total diversity for a given region was defined as:
Regional caddisfly diversity γ=αkick + βkick + βtransect + βstream + βsub-region In addition to the barcode-based species-level analyses, the caddisfly data were pooled at the genus and family levels (higher taxonomic levels were assigned based on BIN assignment, with family-level identifications cross-checked against our morphology based family assignments) for further partitions at coarser taxonomic levels. Partitions according to taxonomic resolution were performed for the Churchill and Pennsylvania data separately. In order to assess departures from null distributions, we conducted partition analyses using PARTITION (version 3.0). Null parameters were constructed by running iterations of the input data, randomly allocating individuals to each 1-m2 kick (individual-based randomization), simulating distributions of the sampled specimens according to random chance.
Observed abundances of species are therefore retained in the null iterations; here, species richness is used to estimate diversity at each spatial level. The null distribution is used to assess significance of departures (greater or less) in the observed values (represented as a p-value). Five thousand iterations were run for each partition in the calculation of the null distributions. Standard errors for observed α component estimations were also calculated from the raw data.
Goodness of fit tests, or G-tests, were used to test the null intrinsic hypothesis that diversity components at coarser taxonomic levels (observed values) will not differ from results at finer resolutions (expected values). The test statistic G was calculated as 2*(Σ[observed richness*ln[observed richness/expected richness]]), and significance was determined using the chi-square distribution (Sokal and Rohlf 1981) . The test assumes independence of observations (e.g. that one observation does not impact another). The lower taxonomic level was used as the expected value, given increased taxonomic resolution would provide more accurate estimates of the distribution of species-level diversity. The distribution of diversity components was also compared between the 2 regions at each taxonomic level.
D r a f t
Separate G-test analyses were conducted setting each region as the expected value (results did not differ), but here we present the analysis where Pennsylvania is the expected value.
Results
Literature review
Of 114 studies surveyed, 34% mentioned some issues with achieving species-level identifications, with a clear taxonomic tendency towards difficulties identifying invertebrate taxa (28% of articles; Fig. 2 ).
Solutions presented in these papers include identifying to the lowest possible taxonomic unit (14% of total studies indicated species level was not entirely achieved, or the dataset was of mixed resolution, typically species and genera, occasionally family), the exclusion of specimens too difficult to identify (5% of articles; excluded specimens were typically invertebrate juveniles), and the use of morpho-species (18% of articles; some specimens could not be assigned to a recognized species name). Sixty-six percent of articles did not indicate problems identifying to the species level (Fig. 2) .
DNA barcoding success and partition analyses A total of 2648 COI caddisfly sequences were generated from Churchill (Manitoba, Canada) and Pennsylvania (USA) (out of 2781 attempted specimens, 95% success rate), representing 81 BINs, 31 genera, and 15 families. Four BINs, unique groupings of barcode sequences likely to represent distinct species, were new to BOLD. Five cases of closely related BINs (<2% divergent) were noted (3 from Churchill: Ceraclea resurgens, Glossosoma intermedium, Ochrotrichia eliaga; 2 from Pennsylvania:
Cheumatopsyche analis, and C. oxa). In all cases, the rarer of the two closely related BINs always occurred with its more frequent partner at stream sites.
D r a f t
Sub-regional excess of BINs was always greater than expected by chance and decreased with coarser taxonomic levels in both Churchill and Pennsylvania. Churchill βsub-region was 43% for BINs, 29% for genera, and 19% for families; similarly, Pennsylvania βsub-region was 45% for BINs, 27% for genera, and 24% for families (Table 1, Fig. 3 ). Stream excess of taxa was also greater than expected for Churchill and Pennsylvania for each taxonomic level but did not appear to decrease with coarser taxonomic resolution; βstream for Churchill was 27-29%, while Pennsylvania βstream was 23-25% (Table 1, Fig. 3 ).
Within-stream β components (βtransect and βkick) were less than expected by chance for both Churchill and Pennsylvania and appeared to increase modestly with coarser taxonomic resolution ( Table 1, Fig. 3 ).
The distribution of diversity components at Churchill differed between BINs and genus levels (p=0.024) and BINs and family levels (p<0.001), but did not differ between genus and family levels (p=0.103; Table   2 , Fig. 3 ). Similar to Churchill, the distribution of diversity components at Pennsylvania differed between BINs and genus levels (p=0.004) and BINs and family levels (p<0.001), but did not differ between genus and family levels (p=0.832; Table 2 , Fig. 3) . Interestingly, the distribution of diversity components for Churchill and Pennsylvania were the same for each taxonomic level (Ho: Churchill=Pennsylvania; species: p=0.795; genus: p=0.656; family: p=0.406).
Discussion
Additive partitioning of species richness into α and β diversity is routinely used in ecological and conservation studies, and as such, any biases associated with unintended coarse taxonomic resolution could lead to wrong or incomplete conclusions. We therefore determined whether difficulties assigning species-level identifications were apparent in the literature. We also conducted our own study of additive diversity components of caddisfly species from two very different systems (sub-Arctic Churchill D r a f t and temperate Pennsylvania). Using DNA barcoding to delineate species-level units, we were able to assess the impact taxonomic resolution had on our results.
Our literature review revealed that difficulties associated with assigning species-level identifications are fairly common in diversity components studies, with a third of studies reporting some difficulties (Fig. 2) .
Since these studies relied on morphological identifications, this figure is at best a minimum estimate and is likely much higher. Underestimation of species diversity is especially likely in studies where the focal taxa are invertebrates, as morphology overlooks many species in, for example, aquatic insect larvae (Sweeney et al. 2011; Jackson et al. 2014) , spiders (Blagoev et al. 2015) , parasitoid dipterans and hymenopterans (Smith et al. 2006; 2013) , and amphipods (Witt et al. 2006) . If invertebrate studies are automatically considered to be above species-level resolution, then our estimate of the incidence of problematic identifications in the literature is 64%. Less clear is the degree to which these studies did not achieve the desired species-level resolution. It seems most likely studies on diversity partitioning are achieving a resolution somewhere in between species and genus levels, and if this excludes only a few species, then the impact on results is likely minimal. If half of the species, however, are misidentified or not detected using morphology (as was the case in Jackson et al. 2014 when using morphology alone), then the implications are potentially very dramatic. We approximated this issue by characterizing the relationship between additive diversity components and taxonomic resolution.
We confirmed that taxonomic resolution impacted proportional values for additive measures of α and β diversity in stream caddisflies. Species-level resolution (as revealed through DNA barcoding followed by grouping sequences into BINs) yielded larger estimates of β diversity relative to genus and family levels at the sub-regional level, while β diversity at smaller (within-stream) spatial levels decreased slightly with increasing taxonomic resolution, a finding that was consistent for both regions sampled (Fig. 3) .
Mixed taxonomic-level datasets (e.g. above species level) occurred in 14% of the studies we looked at, D r a f t meaning this bias was present to some degree in the literature; as suggested above, true incidence of coarse resolution is likely much larger. Our molecular approach was also useful for consistently recovering rare and unknown species. The 4 new-to-BOLD BINs that we sampled, for instance, may represent species not yet described or possibly rare BINs not yet encountered during the substantial prior barcoding research within Churchill (Zhou et al. 2010; Ruiter et al. 2013 ) and Pennsylvania (Sweeney et al. 2011; Jackson et al. 2014) freshwaters. As well, 36 of our 81 BINs only occurred in 3 or fewer samples (out of 135 kicks) and would have likely been overlooked using morphological identifications (Jackson et al. 2014) . Robuchon et al. (2015) also show that molecular-assisted identification of specimens greatly enhances the number of red seaweed species detected for ecological analyses. In their study, however, β diversity as estimated using permutational analyses of variance was not greatly affected when comparing morphological versus molecular-assisted approaches to specimen identification. Gill et al. (2014) , however, do report that multiplicative β diversity patterns for freshwater insects across an elevational gradient are marginally significant for DNA barcode species, but not for morpho-species. Voda et al. (2014) echo this finding by demonstrating cryptic species may account for a large portion of beta diversity. Studies on taxonomic sufficiency, though typically reliant on morphological identifications, tend to indicate species-level data produce similar community patterns to genus and family-level data (Terlizzi et al. 2009; Vilmi et al. 2016) . Together, these studies with varying conclusions suggest that the importance of taxonomic resolution on patterns and estimates of β diversity is contingent on the method of estimation, the goals of the study, and the taxon being investigated; given the large number of approaches to estimating β (Tuomisto 2010), a study comparing the impact of taxonomic resolution using various approaches would be informative. Our dataset is publicly available and could readily be tailored to such a study.
The finding that additive diversity partitioning produces different results depending on the taxonomic resolution of the dataset is not surprising. Proportional α components decreased with increasing D r a f t taxonomic resolution because the geographic ranges of species will be restricted relative to those of families; the same families will tend to consistently reoccur in a set of samples, whereas a single species may only appear in a subset of geographically close samples. Niche overlap may play an important role in explaining these trends if niche similarity shows a phylogenetic signal (Webb 2000; Webb et al. 2002) ; because closely related species are functionally similar, competitive interactions may prevent coexistence in the same habitat (but see Mayfield and Levine 2010 for a discussion of phylogenetic community patterns). In the context of regional diversity, this may result in low proportional α diversity for species compared to families, which may co-exist due to functional differentiation. Alternatively, proportional species turnover (β) can be structured due to environmental filtering, which may be more pronounced at the family level (Martin 2014) . If environmental filtering plays a larger role at the family level, then this may have been reflected in the small increase in βtransect (e.g. pools vs. riffles) values going from species to family levels. Also noteworthy is the similarity in the structure of diversity components between the two regions sampled (sub-arctic Churchill and temperate Pennsylvania), despite substantial differences in habitat and number of species; this stands in contrast to previous studies showing that proportional additive β diversity decreases with increasing latitude (Hof et al. 2008; Thieltges et al. 2011) .
Additive diversity components facilitate the study of the distribution of biodiversity across spatial scales, establishing patterns and spatial scales of interest, which in turn informs conservation efforts and hypotheses about mechanisms driving the distribution of species diversity. If studies of additive α and β diversity are to remain a useful tool for biologists studying patterns in species distributions, then inherent problems with identifying species morphologically must be addressed (Fig. 2) . We do not suggest all the studies we reviewed are marred by morphological identification problems; vertebrate studies are likely relatively accurately characterized at the species level, but invertebrate studies in which species diversity is less well understood are likely underestimating proportional species turnover D r a f t at larger spatial scales due to coarse taxonomic resolution. Similarly, DNA barcoding may not be an appropriate method for species identification or delineation in some taxa where species libraries are not well established and typical patterns of molecular variability is minimally explored. For instance, we found that several of our BINs were closely related (<2%), possibly leading to an inflation in our species counts if these BINs do not represent true species. We note, however, that these closely related BINs typically occurred together at stream sites, thereby not contributing to values of β at larger spatial scales (i.e. not impacting our interpretation of results). Caution should nonetheless be given to BIN splitting (e.g. overestimation of species) given this could inflate values of β depending on taxon distribution, the opposite problem to coarse taxonomic resolution datasets. In addition, the utility of BINs for species delineation may not be appropriate where certain species concepts are being used (such as a phylogenetic or ecological species concept); in the context of diversity components, this may lead to under or overestimation (respectively) of β. We maintain, however, that molecular-based specimen identification (i.e. DNA barcoding) can help move measures of β diversity forward in a constructive manner by alleviating biases associated with morphological methods. In particular, the focus should be on species delineation (e.g. units for analysis), rather than identification; while Linnaean names are certainly needed in some instances and should be included where possible, they are not inherently needed when analyzing diversity according to multiple spatial scales. MOTUs directly address this need rather than becoming marred in problematic taxonomic IDs. The same principle can be applied to a wide range of ecological fields, wherein species-level patterns are of primary interest. 
D r a f t
Field sampling design, from small to large spatial scales. A) 2 regions where the nested sampling design was implemented. B) Churchill (Manitoba, Canada) , where 9 streams were sampled (July 15-23, 2012) . C) Pennsylvania, USA, where 9 streams were sampled (June 17-20, 2013) . The darker grey represents increased elevation. D) Sampling design within streams, where each square represents a 1 m2 kick. The arrows represent the direction of stream flow. Note, two kicks, instead of the depicted 3, were taken at Pennsylvania streams. R=sub-region (1, 2, 3), followed by stream number sampled within sub-region (1, 2, 3). Articles with problematic identification of specimens include those reporting mixed taxonomic level datasets (typically mixed species and genus), the assignment of morpho-species (specimens that could not be assigned to a recognized species name), and missing IDs or difficulty identifying specimens due to life history traits or stage (i.e. invertebrate juveniles). DNA barcoding was used to perform species-level delineation of specimens of stream caddisflies (order Trichoptera). The pipeline for DNA barcoding consists of several steps, including DNA extraction, amplification, sequencing, and editing. Prior to DNA extraction, 1-2 photographs of each specimen (lateral, ventral, or dorsal profiles) were taken using Leica® imaging software and uploaded to respective BOLD projects (Lotic Trichoptera Larvae of Churchill-Summer 2012, LEPTO; Lotic Trichoptera Larvae of Southern Pennsylvania-Summer 2013, LTLSP). 16 tissue plates were submitted to the Canadian Center for DNA Barcoding for barcoding procedures. DNA extraction began by removing a leg from each specimen and organizing them in 96-well Eppendorf plates containing 50 µl of ethanol per well, which was evaporated prior to DNA extraction. Extracts were then prepared using 5 ml of invertebrate lysis buffer and 0.5 ml Proteinase K solution (20 mg/ml) per plate and a glass-fiber protocol (Ivanova et al. 2006 ); extracts were re-suspended in 50 µl of molecular grade water. The COI barcode region was amplified using 6.25 µl of 10% trelahose, 2 µl of ddH 2 O, 1.25 µl 10X buffer, 0.625 µl of 50 mM MgCl 2 , 0.0625 µl of 10 mM dNTP, 0.06 µl Taq polymerase (Invitrogen®), 0.125 µl of 10 µM of LepFol (Table S1 ) primer cocktails (equal parts of both primers for forward and reverse), and 2 µl of DNA template (i.e. the extracts; Folmer et al. 1994 , Hebert et al. 2004 , Ivanova et al. 2006 . See Table S1 for primer sequences and thermocycling regime times.
PCR products were checked for successful amplification using bufferless E-gels® (Invitrogen). 3.5 µl of PCR products were added to 14.5 µl of ddH 2 O and entered into the E-gel wells; E-gels ran for approximately 6 minutes before being inspected under UV light (Ivanova & Grainger 2007a) . Successfully amplified products moved onto the DNA sequencing step. Only the reverse COI barcode primer was used for unidirectional sequencing; because specimen identification and species-level delineation was the main goal of barcoding for this project, we did not seek the "barcode standard" compliance that is used for reference library building, which requires at least two trace files. For sequencing reactions, PCR products were diluted with 40 µl of dH 2 O; then, 2 µl of diluted product was added to 5µl of 10% trehalose, 0.875 µl of ddH2O, 0.250 µl of BigDye®, 1.875 µl of 5x buffer, and 1 µl of 10 µM reverse primer LepFol cocktail (Ivanova & Grainger 2007b; see Table S1 for thermocycler regime times). PureSEQ (Aline Biosciences) was used for BigDye terminator removal and salt cleanup in Sanger Sequencing. The reverse sequence chromatograms were then aligned and edited using Codon Code Aligner (CodonCode Corporation v. 4.2.1) and uploaded to respective BOLD projects. Alignments were verified to be free of gaps and stop codons. Final sequences are publicly available through BOLD and have also been submitted to GenBank (KJ447126-KJ449305 Diversity estimation curves were calculated using EstimateS 9.0 (Colwell 2013) for Churchill and Pennsylvania separately to estimate sampling effort. Individual and sample-based (e.g. streams) rarefactions curves (Chao1 and Chao2; Colwell et al. 2012) were calculated based on 100 randomizations of the input abundance data.
The individual-based rarefaction curves suggest the within-stream diversity was generally sufficiently sampled. Sampled diversity closely approximated the estimated diversity based on individual-based rarefaction curves; however, the lack of a plateau in the curves (particularly for Churchill) also indicates undetected species potentially remain (Figs. S1 and S2). Sample-based estimations (e.g. streams) indicate the regional diversity at Churchill and Pennsylvania was not sufficiently characterized with the 9 streams sampled (Figs. S3 and S4) ; evidently, more streams would need to be sampled in order to accurately sample the regional species pool. Also notable are the less steep curves in Pennsylvania compared to Churchill; this likely reflects differences in sampling effort.
Churchill sampling focused on characterizing the entire stream insect community (the stopping rule was 100 insects in a single kick subsample), while Pennsylvania sampling focused exclusively on the Trichoptera (the stopping rule was 100 Trichoptera in a subsample). Thus, more Trichoptera specimens were sampled and barcoded in Pennsylvania, and the regional species pool was more accurately characterized compared to Churchill.
In terms of our study, these results suggest proportional β at the sub-regional level could contain some level of error. Because we analysed β as a proportional value (rather than an absolute one), we do not believe this will have impacted the results of the study; however, the absolute values reported should be carefully considered in light of the rarefaction curves. More streams from each region ought to be sampled in order to fully resolve the distributions of detected species and accurately characterize these values of β (whether an absolute value or a proportional one), particularly at the among-stream spatial scales. Note, however, that increased sampling of streams would likely increase the total amount of species sampled for the region (e.g. γ diversity). These two factors D r a f t will decrease and increase, respectively, the proportional β values (particularly at the subregional level, where sampling was most limited), such that the proportional values we retrieved are likely close to the actual values. In addition, we found these values of proportional β to be the same for both regions sampled, even though Churchill was less well sampled, suggesting these values are rather robust when expressed as percentages of total diversity. For these reasons, we felt comfortable continuing with our analysis of the additive diversity components despite limited understanding of the regional-level diversity. Readers may consult the error bars on 
